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[57] ABSTRACT 
An omnidirectional hydrophone having an elastic shell 
in the form of an oblate ellipsoid of revolution having 
the ratio of its major axis to is minor axis greater than 
about Y(2-v) where v is Poisson's ratio of the shell 
material, wherein the circular circumference of the 
shell (at different circular parallels of latitude) under-
goes strains of opposite sign when the shell is subjected 
to a pressure change. The differential strains are advan-
tageously measured by an optical fiber interferometer 
having one leg wound about the equatorial circumfer-
ence of the shell and another leg spirally wound near 
one or both of the poles. 
6 Claims, 4 Drawing Sheets 
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FIELD OF THE INVENTION 
2 
equatorial circumference of the shell and a second leg 
wound about a parallel but necessarily smaller circular 
region near a pole of the ellipsoidal shell. A hydrophone 
of the present invention is particularly effective when 
This invention relates to acoustic vibration sensing 
apparatus that utilize a closed hollow ellipsoidal shell 
with at least two wrappings of optical fiber on its sur-
face, and more particularly to an improvement to an 
under-water acoustic vibration sensing apparatus (a 
hydrophone) resulting from positioning the wrappings 
parallel to one another. 
5 the oblate ellipsoidal shell has a ratio of its major axis to 
its minor axis greater than about Y(2-v), where vis 
Poisson's ratio (a property of the shell material). 
The features of the present invention will be apparent 
from the following detailed description when consid-
10 ered in conjunction with the accompanying drawings. 
DESCRIPTION OF THE PRIOR ART 
The present invention is an improvement to a prior-
art hydrophone identified as the first of several embodi- 15 
ments disclosed in U.S. Pat. No. 4,951,271 to Garrett et 
aI., entitled Flextensional Hydrophone (hereinafter re-
ferred to as "the '271 patent") which is incorporated 
herein by reference. That prior-art hydrophone (shown 
herein at FIG. 2) is comprised of a closed hollow thin- 20 
walled shell in the shape of an ablate ellipsoid, having a 
first wrapping of optical fiber wound about the circular 
equatorial circumference and a second wrapping of 
optical fiber wound about an elliptical meridional cir-
cumference (i.e., having a cross-wrapped configura- 25 
tion). 
A cross-wrapped configuration requires that one 
wrapping of optical fiber necessarily overlaps the other 
(in FIG. 2 the meridional wrapping is shown overlap-
ping the equatorial wrapping). A crossed-wrapped con- 30 
figuration also requires that the meridional wrapping 
bends around the ellipsoid minimum radius of curvature 
(rE, at the equator) which becomes smaller with more 
shallow (i.e., with higher aspect ratio) ellipsoids. Opti-
cal fibers have a minimum bending radius, which can 35 
therefore limit the aspect ratio and the minimum size of 
the ellipsoidal shell. Hence there is a need for a wrap-
ping configuration that will avoid having the fibers 
overlap and also avoid having the fibers bend across the 
ellipsoid minimum radius of curvature. 40 
OBJECTS, FEATURES, AND ADVANTAGES 
It is an object of the present invention to position the 
wrappings of optical fiber so that they do not overlap 
one another. 45 
It is another object of the present invention to posi-
tion the wrappings of optical fiber so as to minimize the 
curvature of the fiber. 
It is a feature of the present invention that the individ-
ual wrappings are positioned parallel to one another, 50 
one positioned near the equator, and another positioned 
near a pole. 
It is an advantage of the present invention that a 
wrapping near a pole will be strained in direction oppo-
site to that of a wrapping near the equator when the 55 
shell is subjected to a change in ambient pressure. 
SUMMARY OF THE INVENTION 
These and other objects and advantages are provided 
by the present invention of an improved omnidirec- 60 
tional hydrophone having a closed hollow elastic shell 
in the form of an oblate ellipsoid of revolution which 
undergoes strain when subjected to a change in ambient 
pressure such that, at separated parallels of latitude, the 
circular circumferences of the shell are strained in op- 65 
posite directions. This differential strain may be effec-
tively measured by an optical fiber interferometer hav-
ing a first leg wound about a region near the circular 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is an exterior view of a parallel-wrapped hy-
drophone of the present invention, characterized by an 
oblate ellipsodal shell having a first length of optical 
fiber wrapped circumferentially about a region near the 
shell equator and a second length of optical fiber 
wrapped in a tight spiral near one pole, with the optical 
fibers connected as legs of a diagrammatically repre-
sented interferometer. 
FIG. lA shows an alternative wrapping arrangement 
to that shown in FIG. 1, wherein one-half of the spirally 
wrapped (second) length of optical fiber is placed near 
one pole, and the other one-half is placed near the oppo-
site pole. 
FIG. 2 is an exterior view of a prior-art cross-
wrapped hydrophone, this embodiment being charac-
terized by an ellipsoidal shell having optical fibers 
wrapped meridionally and equatorially about the shell 
exterior, with the optical fibers connected as legs of a 
diagrammatically represented interferometer. 
FIG. 3 shows a portion of the surface of a shell of 
revolution and its coordinate system. 
FIG. 4 shows membrane tensions denoted by No and 
Ncb, which have units of force per unit length and act 
normal to the sides of a shell differential surface element 
ACDB (also shown in FIG. 3). 
FIG. 5 shows an oblate ellipsoid surface, obtained by 
rotating an ellipse having its semi-major axes (desig-
nated "a") greater than its semi-minor axes (designated 
"b") about an axis of revolution that is collinear with its 
semi-minor axes (here b is shown as the vertical axis). 
FIG. 6 is a plot giving the location of the x coordinate 
(Xn) for the nodal circle (where EO=O), as a fraction of 
the length of the semi-major axis (a). 
FIG. 7 is a plot giving the location of the z coordinate 
(zn) for the nodal circle (where EO=O), as a fraction of 
the length of the semi-minor axis (b). 
FIG. 8 is a plot of the ratio of the circular £I-strain at 
either pole (e.g., polar strain @</>=O), to that of the 
average meridional strain, <Eq,>, where <Eq,> de-
notes the average of the meridional strain (Eq,) around 
the meridional circumference. 
FIG. 9 is a plot of the ratio of EO (normalized to the 
value of EO at </>=0) versus </> (and independently on the 
same graph versus the polar angle </>polar) for angles 
from 0 to 1T 12 radians, for the case where Poisson's ratio 
v = 0.4 and the aspect ratio a = 2. 
FIG.I0 shows the relative effect of changes in Pois-
son's ratio upon the lower curve of FIG. 9. 
DESCRIPTION OF THE PREFERRED 
EMBODIMENT 
Referring now to the drawings wherein like refer-
ence numerals are used to designate like o'r correspond-
ing parts throughout the various figures thereof, there is 
shown in FIG. 1 the improved flextensional hydro-
5,212,670 
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phone 15 of the present invention. The present inven-
tion is an improvement to a prior-art hydrophone 14 
(shown in FIG. 2) identified as the first several embodi-
ments disclosed in U.S. Pat. No. 4,951,271 to Garrett et 
aI., entitled Flextensional Hydrophone (hereinafter re- 5 
ferred to as "the '271 patent") which is incorporated 
herein by reference. Both the hydrophone of the pres-
ent invention 15 and the prior-art hydrophone 14 are 
each composed of two subsystems, viz: a transducer 
10 
subsystem (17 or 16 respectively), and a signal proces-
sor subsystem 18. 
The signal processor subsystem 18 for the improved 
hydrophone 15 is the same signal processor subsystem 
18 as used by the prior-art hydrophone 14, as illustrated 15 
in FIGS. 1 and 2 respectively. 
The transducer subsystem 16 for the prior-art hydro-
phone 14 (shown in FIG. 2) is comprised of a closed 
hollow thin-walled shell 20 of uniform wall thickness 
made of an isotropic elastic material and being in the 20 
shape of an oblate ellipsoid, having a first wrapping of 
optical fiber 21 wound about the circular equatorial 
circumference of the shell 20 and adhesively bonded 
thereto, and a second wrapping of optical fiber 22 
wound about an elliptical meridional circumference of 25 
the shell 20 and adhesively bonded thereto (i.e., having 
a cross-wrapped configuration). 
The following portions of the disclosure of the '271 
patent (which pertain to the first embodiment of the 
30 prior-art invention disclosed therein) are most relevant: 
(a) FIGS. 1, 2, and 4 thereof; (b) The portions of the 
"Brief Description of the Drawings" pertaining to 
FIGS. 1, 2, and 4 thereof; (c) The portions of the "De-
tailed Description" extending from column 3 line 26 35 
through column 8 line 13; and (d) the entirety of "Ex-
ample" extending from column IO line 9 through col-
umn 12 line 67. 
When referring to the '271 patent the following er-
rors and omissions (all at column 6 thereof) should be 40 
recognized. At line 12, E< should have been printed as 
E22. At lines 34 and 35, the two equations should have 
been identified as (3) and (4) respectively. At line 58 it is 
obvious that the two inequality signs should be re-
versed. Notice should also be taken of the following 45 
difference in symbology for strain (E), viz: 
The symbol E8 (as used herein) is synonymous with 
the symbol Ell (as used in the '271 patent), both meaning 
strain in the 8 direction (i.e., along a circle parallel to 
the equator). 50 
The symbol Eel> (as used herein) is synonymous with 
the symbol E22 (as used in the '271 patent), both meaning 
strain in the cp direction (i.e., in a direction along a 
meridian). 55 
The Naval Postgraduate School Technical Docu-
ment No. NPS-PH-91-009, entitled Optical Fiber Inter-
ferometric Acoustic Sensors Using Ellipsoidal Shell 
Transducers (hereinafter referred to as "NPS-PH-91-
009" is also germane. Copies of this document may be 60 
requested from the Superintendent, Code 043, of the 
Naval Postg~aduate School via the Defense Technical 
Information Center, Cameron Station, Alexandria, V A 
22304-6145. The most relevant pages of NPS-PH-91-
009 are pages 18 through 33, 43 through 55, and 113 65 
through 121. The symbology used herein (except for the 
symbols a, 'Y, and rEwhich are used herein) is consistent 
with the symbology used in NPS-PH-9J-009. 
4 
Symbology 
cp = the angle between the normal to the differential 
surface element and the axis of revolution of the el-
lipse defining the surface 
8=the circumferential angle between an arbitrary ref-
erence meridian and the position of a differential 
surface element 
Eq,=the strain of an element of the shell in the cp direc-
tion (i.e., along a meridian thereof) 
Eo=the strain of an element of the shell in the 8 direc-
tion (i.e., along a circle parallel to the equator 
thereof) 
t = the shell wall thickness 
E=the modulus of elasticity (Young's modulus) of the 
shell material 
v=Poisson's ratio of the shell material 
a=the length of an ellipse semi-major axis 
b=the length of an ellipse semi-minor axis 
e=the eccentricity of an ellipse 
a=the aspect ratio of an ellipse = a!b = Y {I/(I-e2)} 
rE=b/a2=b/a=a/a2, the minimum radius of curva-
ture of an ellipsoid (at the equator) 
'Y=Y{a2 sin2cp+ cos2cp}, a convenient grouping of 
terms 
A portion of the surface of a shell of revolution and 
its coordinate system is shown in FIG. 3. A surface of 
revolution, as shown in FIG. 3, is obtained by rotating 
a plane curve about an axes of revolution. The axes of 
revolution is coplanar with the meridian plane curve. 
The position of a differential surface element (shown as 
ACDB in FIGS. 3 and 4) on the surface of revolution is 
specified by a circumferential angular distance 8 mea-
sured from an arbitrary reference meridian, and by the 
angle cp made by the normal to the differential surface 
element and the axis of revolution. Note that cp is not the 
usual polar angle CPpolarwhich is directed from the origin 
of the Cartesian coordinate axes (unless the generating 
curve is a circle, in which case ~ = CPpolar). The principal 
radii of curvature of this differential element are de-
noted by rl and r2. As illustrated in FIGS. 3 and 4, Tj is 
the radius of curvature lying in the meridional plane 
perpendicular to differential surface element. The ra-
dius of curvature r2 is associated with the curvature of 
the differential surface in the plane perpendicular to 
both the differential surface element and to the afore-
mentioned meridional plane; r2 has a length CO, mea-
sured from the differential surface element to the axis of 
revolution. The radius of curvature of the parallel AC 
(which is a circular segment) is simply ro (thus the two 
radii ro and r2 are related, as rO=r2 sin cp). 
FIG. 4 shows membrane tensions denoted by No and 
Nq" which have units of force per unit length and act 
normal to the sides of the sheIJ differential surface ele-
ment ACDB. These membrane tensions result from a 
uniform pressure loading applied to a closed shell of 
revolution, and can be determined from linear mem-
brane theory in order to obtain the strain induced in 
optical fibers bonded to the sheIJs. 
As used herein, the word ellipsoid (with or without 
the modifier oblate) is defined to mean an oblate ellip-
soid of revolution, being the three-dimensional surface 
generated by rotating an ellipse about its minor axis; it 
has one shortest axis which is its minor axis, and it has a 
plurality of longer or major axes. Hence the equator is 
a circle in the plane of symmetry normal to the minor 
axis and has a radius represented by "a"; while each 
5,212,670 
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meridian is in a plane including the minor axis and inter-
sects the minor axis at its two poles at a radius "b". 
As used herein, the word shell is defined to mean a 
closed hollow thin-walled structure made of an iso-
tropic elastic material, having a wall of uniform thick- 5 
ness and being in the shape of an oblate ellipsoid having 
two opposed poles. A thin-walled shell is a shell with 
walls· sufficiently thin in relation to its overall dimen-
sions such that it is amenable to stress analysis based on 
membrane theory (wherein the stress distribution is 10 
essentially invariant radially across the shell wall). 
For an oblate ellipsoidal shell having an aspect ratio a 
(a=alb) greater than Y(2-v), the shell (when sub-
jected to a uniform external pressure loading) will de-
form in such a way as to undergo an increase in its 15 
equatorial circumference and a decrease in its meridio-
nal circumference. 
FIG. 2 (prior-art) shows the transducer subsystem 16 
of the aforementioned prior-art hydrophone 14 (dis-
closed in the '271 patent) characterized by an oblate 20 
ellipsoidal shell 20 having an equatorial wrapping 21 
and a meridian wrapping 22 of optical fiber. Shell 20 is 
adapted for immersion in a fluid having pressure varia-
tions to be sensed by the hydrophone 14 utilizing the 
shell 20 and its respective wrappings 21 and 22 compris- 25 
ing the transducer subsystem 16. The equatorial and 
meridional circumferences of ellipsoidal shell 20 vary 
differentially in length when the shell is subjected to a 
pressure variation. It is evident that by adhesively bond-
ing optical fiber wrappings 21 and 22 to the shell 20 that 30 
these windings will have variations in length corre-
sponding to the strain induced therein by the shell. 
Wrappings 21 and 22 are thus a pair of strain detecting 
elements for detecting differential variations in the shell 
circumferences. An equatorial circumference or wrap- 35 
ping, such as wrapping 21 traces a circle about the 
minor axis of a shell; a meridional circumference or 
wrapping, such as wrapping 22, traces an ellipse in the 
plane of the minor axis (i.e., the axis of revolution). 
As further shown in FIG. 2 (prior art), and also in 40 
FIG. 1, these differential variations in shell and wrap-
ping strains may be detected interferometrically by 
connecting such a pair of optical fiber wrappings (21 
and 22 in FIG. 2; or 21 and 23 in FIG. 1) as the legs of 
an optical fiber Michelson interferometer. When so 45 
connected, one end of each wrapping is a reflector, and 
may be protected by any suitable cap 40. The other 
wrapping ends are connected to one side of any suitable 
coupler 42, from the other side of which one optical 
fiber leads to a laser 44 and another optical fiber leads to 50 
a detector 46 which outputs an electronic signal repre-
sented by arrow 47. This signal 47 corresponds to inter-
ference fringes generated by the varying lengths of the 
wrappings as light from laser 44 passes through the 
fibers (as indicated by arrows 48) so as to be reflected 55 
from capped ends 40 and interfere in coupler 42. Signal 
47 thus corresponds to the differential variations in shell 
circumference caused by ambient pressure changes. 
The coupler 42, the laser 44, and the detector 46 
comprise the signal processor subsystem 18 (which is 60 
common to both the prior-art 14, and to the present 15, 
flextensional hydrophones). As indicated by breaks 50 
in the optical fiber near coupler 42, this coupler may be 
remote from shell 20 and may also be remote from 
relatively delicate apparatus such as laser 44 and detec- 65 
tor 46. 
It will be apparent to one skilled in the art of optical 
fiber interferometric strain measurement that each of 
the optical fiber wrappings (21 and 22, or 21 and 23) 
serves as a reference interferometer leg for the other. 
The improved flextensional hydrophone 15 of the 
present invention uses parallel wrappings 21 and 23 of 
optical fiber, as shown in FIGS. 1 and 1A. This is ac-
complished by replacing the meridional wrapping 22 
that is used in the transducer 16 for the prior art hydro-
phone 14 (as disclosed in the '271 patent and as shown 
in FIG. 2) by a second circular fiber wrapping 23 (here-
inafter also designated as a polar coil 23) in the trans-
ducer 17 for the improved hydrophone 15. The polar 
coil 23 is oriented parallel to the first circular fiber 
wrapping 21 (i.e., the equatorial wrapping) and located 
near a pole of the oblate ellipsoidal shell 20 (i.e. where 
c/>=O' or 180'), as shown in FIG. 1. An alternate polar 
coil 23 winding arrangement for the transducer 17 is 
shown in FIG. lA, where the second circular wrapping 
23 is separated into two halves, each half being posi-
tioned near an opposite pole. 
The polar circular circumferential stress is always 
compressive for a positive external ambient pressure. 
Thus, a polar coil 23 (bonded to the shell 20 near a pole) 
experiences strain of opposite sign to that experienced 
by the equatorial wrapping 21 (which is wrapped 
around and bonded to the shell 20 near the equator). 
It is of interest to determine the coordinates at which 
the circular 8-strain changes sign. This "nodal circle" 
will set the limit to which the optical fiber of a given 
interferometric leg should be wrapped. FIG. 6 is a plot 
giving the location of the x coordinate (xn) for the nodal 
circle (where Ee=O), as a fraction of the length of the 
semi-major axis (a); FIG. 7 is a plot giving the location 
of the z coordinate (zn) for the nodal circle (where 
Ee=O), as a fraction of the length of the semi-minor axis 
(b). FIGS. 6 and 7 are plots of equations (1) and (2), 
respectively: 
~n = a~ (I) I-v (2 - v)(a2 - I) 
~-~ (2) a2 - 2 - v b - (2 - v)(a2 - I) 
In order to determine whether the polar coil will 
experience sufficient strain, it is instructive to compare 
the magnitUde of the strain experienced by the polar 
coil with the average strain experienced by the prior-art 
meridional wrapping; that is, to compare the 8-strain at 
a pole (i.e., polar strain Ee@c/>=O), to that of the average 
meridional strain, < Erj», where <Erj» denotes the 
mean of the meridional strain (Erj» around the meridio-
nal circumference. This ratio is plotted in FIG. 8, and is 
given by equation (3) below: 
EU@<!>=O 
<Ed» 
a 2 (J - v) 'J 2(1 - a 2) 
a 2 + I - 2v 
(3) 
As an example from FIG. 8, it is seen that for a Pois-
son's ratio v of 0.20 and for an aspect ratio a of 3.0 the 
strains are equal. For aspect ratios greater than 5 (for 
any Poisson's ratio), the strain ratio is relatively con-
stant. 
As a practical matter it is of interest to investigate 
whether or not a sufficient quantity of fiber can be 
accommodated near the pole. This is addressed by ex-
7 
5,212,670 
amining the ratio of 8-strain (€o) at and away from the 
pole. The 8-strain in terms of angle <1> is given in equa-
tion (4) below: 
2 - v _ y2 
y(1 - v) 
(4) 5 
In FIG. 9 Eo(normalized to the value of EO at 4>=0) is 
plotted versus 4> (and independently on the same graph 10 
as a function of the polar angle 4>poiar) for angles from 0 
to 1r/2 radians, for the case where Poisson's ratio v=O.4 
and the aspect ratio a=2. It should be noticed that for 
any particular value of EO, 4> is always less than 4>poiar, 
which is consistent with the definition of these angles. 15 
Note that there is a large region (±0.5 radians in 4>poiar) 
where there is little change in the magnitude of Eli. 
From this plot it can also be seen that the strain does 
indeed change sign, reaching a maximum absolute mag-
nitude at the equator (at 4>poiar= 4>= 1r/2 radians). FIG. 20 
10 shows the relative effect of changes in Poisson's ratio 
upon the lower curve of FIG. 9. 
While this invention has been described in conjunc-
tion with a preferred embodiment thereof it is obvious 
that modifications and changes therein may be made by 25 
those skilled in the art without departing from the scope 
of this invention as defined by the claims appended 
hereto. 
That which is claimed is: 
1. In combination with a transducer including (1) a 
closed hollow thin-walled shell of uniform wall thick- 30 
ness made of an elastic material and having an exterior 
surface in the shape of an oblate ellipsoid having two 
opposed poles, (2) a first wrapping of optical fiber 
wound about the circular equatorial circumference of 35 
the ellipsoidal shell surface and bonded thereto, and (3) 
a second wrapping of optical fiber wound about the 
ellipsoidal shell surface and bonded thereto, the im-
provement wherein the second wrapping of optical 
fiber is oriented parallel to the ellipsoidal shell circular 40 
equatorial circumference and located near a pole. 
2. In combination with a transducer and the improve-
ment as recited in claim 1, the further improvement 
wherein one-half of the second wrapping of optical 
fiber is located near one of the poles and the other one- 45 
half of the second wrapping of optical fiber is located 
near the opposite pole. 
3. In combination with a hydrophone including (I) a 






ness made of an elastic material and having an exterior 
surface in the shape of an oblate ellipsoid having two 
opposed poles, (2) a first wrapping of optical fiber 
wound about the circular equatorial circumference of 
the ellipsoidal shell surface and bonded thereto, (3) a 
second wrapping of optical fiber wound about the ellip-
soidal shell surface and bonded thereto, and connected 
to said first and second wrappings of optical fiber (4) a 
signal processing means for detecting relative changes 
in lengths of said first and second wrappings of optical 
fiber and for generating an electrical signal correspond-
ing to said relative changes in lengths, the improvement 
wherein the second wrapping of optical fiber is oriented 
parallel to the ellipsoidal shell circular equatorial cir-
cumference and located near a pole. 
4. In combination with a hydrophone and the im-
provement as recited in claim 3, the further improve-
ment wherein one-half of the second wrapping of opti-
cal fiber is located near one of the poles and the other 
one-half of the second wrapping of optical fiber is lo-
cated near the opposite pole. 
5. In combination with a hydrophone including (I) a 
closed hollow thin-walled shell of uniform wall thick-
ness made of an elastic material and having an exterior 
surface in the shape of an oblate ellipsoid having two 
opposed poles, (2) a first wrapping of optical fiber 
wound about the circular equatorial circumference of 
the ellipsoidal shell surface and bonded thereto, (3) a 
second wrapping of optical fiber wound about the ellip-
soidal shell surface and bonded thereto, and connected 
to said first and second wrappings of optical fiber (4) a 
signal processing means for detecting relative changes 
in lengths of said first and second wrappings of optical 
fiber and for generating an electrical signal correspond-
ing to said relative changes in lengths, said signal pro-
cessing means including a coupler, a laser, and a detec-
tor, the improvement wherein the second wrapping of 
optical fiber is oriented parallel to the ellipsoidal shell 
circular equatorial circumference and located near a 
pole. 
6. In combination with a hydrophone and the im-
provement as recited in claim 5, the further improve-
ment wherein one-half of the second wrapping of opti-
cal fiber is located near one of the poles and the other 
one-half of the second wrapping of optical fiber is lo-
cated near the opposite pole. 
• • • • • 
